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Abstract.  Actuators associated with control surfaces in 
aircraft, ships and underwater vehicles often introduce 
problems in terms of the control characteristics of the 
vehicle if significant saturation and rate limiting effects 
are present. Rate limits, in particular, have been linked to 
a number of well-publicised safety and handling-qualities 
issues for aircraft. Such limits also present difficulties in 
ship steering and ship autopilot systems. This paper 
describes an investigation of the effects of actuator non-
linearities involving a ship steering control application. 
The method of approach involves the use of inverse 
simulation to detect the onset of limiting. The paper 
shows that inverse simulation methods allow direct 
prediction of situations in which rudder saturation and 
rate limiting have significant effects in terms of the ma-
noeuvrability of the vessel. It is also shown that a two-
stage inverse-simulation method allows direct assess-
ment of the difference between desired and achievable 
manoeuvres.  

Introduction

1 Models of Actuators and Ship 
Steering Dynamics  
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Figure 1: Simplified block diagram of actuator system 
with amplitude and rate limiting. 
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Table 1: Parameter values used for the model of R.O.V. 
Zeefakkel [8]. 

2 Inverse Simulation Methods 

2.1 Iterative methods of inverse simulation 
based on discrete models  

2.2 The continuous system simulation 
approach 
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2.3 Principles of the feedback approach 
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Figure 2: Block diagram for inverse simulation using 
feedback principles for a given linear or  
nonlinear model G. For a high value of the gain 
K, the variable w is a close approximation to 
the model input required to produce an  
output that matches a given time history v(t).  
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3 Inverse Simulation Applied to 
the Ship Model 

3.1 Feedback applied to the ship model with 
the actuator sub-model included. 

K

Figure 3: Block diagram of the feedback system used for 
inverse simulation with the actuator  
sub-model incorporated within the feedback 
loop. Here the block A represents the actuator 
and V represents the vehicle. The variable HR 
is the vehicle heading rate. The reference 
model generates the time history of the  
desired manoeuvre in terms of the required 
heading-rate time history. The block shown as 
having a gain factor L is a subsidiary feedback 
loop and, in the case of the application  
considered here, involves angular acceleration 
feedback.  
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Figure 4: Reference input applied to the feedback  
system for the case of the ship model with 
forward speed of 5 m/s and a demanded 
heading change of 8 deg.  

 
 Figure 5: Heading change corresponding to the  

heading-rate reference signal of Figure 4.  

Figure 6: Rudder angle time history found using the  
inverse simulation process for the ship model 
with forward speed of 5 m/s. 

Figure 7: Rudder angular velocity time history found  
using the inverse simulation process for the 
ship model with forward speed of 5 m/s.
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Figure 8: The difference between the heading-rate  
reference input and the heading-rate found 
from a forward simulation using the rudder 
deflection time history of Figure 6. 

Figure 9: The error in heading corresponding to the re-
sults shown in Figure 8. 

Figure 10: Rudder angle time history found for forward 
speed of 2.6 m/s. Other conditions for this 
simulation are the same as for the previous 
results.

Figure 11: Rudder angular-rate time history found for 
forward speed of 2.6 m/s. Other conditions for 
this simulation are the same as for the  
previous results. 

Figure 12: Rudder angle time history found for forward 
speed of 5 m/s for a demanded manoeuvre 
corresponding to a 40 deg heading change. 
Other conditions for this inverse simulation 
are the same as for the previous results. 
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Figure 13: Rudder angular-rate time history found for 
forward speed of 5 m/s s for a demanded 
manoeuvre corresponding to a 40 deg  
heading change. 

Figure 14: Results in terms of rudder angle obtained by 
inverse simulation using the feedback  
approach for the case of the ship model with 
forward speed of 2.6 m/s and a demanded 
heading change of 30 deg with a rudder  
saturation limit of ±35 deg and rudder rate 
limit of ±7 deg/s.  
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3.2 A two-stage feedback method 

Figure 15: Block diagram of the two-stage procedure  
for inverse simulation using the feedback 
method. 

Figure 16: Results in terms of rudder angle obtained by 
inverse simulation using the two-stage ap-
proach for the case of the ship model with 
forward speed of 2.6 m/s and a demanded 
heading change of 30 deg with a rudder satu-
ration limit of ±35 deg and rudder rate limit 
of ±7 deg/s.  

Figure 17: Heading rate error from forward simulation 
(second stage of the two-stage inverse simu-
lation procedure) using the rudder deflection 
time history of Figure 16.  
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Figure 18: Heading error from forward simulation (sec-
ond stage of the two-stage inverse simulation 
procedure) using the rudder deflection time 
history of Figure 16.  

4 Discussion and Conclusions 
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